Two hepatic cytoplasmic protein fractions, designated Y and Z, which bind sulfobromophthalein (BSP), bilirubin, and other organic anions, have been separated by G75 Sephadex gel filtration. The physiologic role of these protein fractions has been investigated. They are present in the 110,000 g supernatant fraction from the livers of all the species tested (rats, mice, guinea pigs, Rhesus monkeys, sheep, and man). Tissues which do not preferentially extract BSP or bilirubin from plasma do not contain these fractions, with the exception of small intestinal mucosa which contains Z. Anion binding by Y and Z fractions is not due to contamination with albumin. These fractions are responsible for the cytoplasmic localization of bilirubin in Gunn rats, and the fractions bind bilirubin, BSP, or indocyanine green (ICG), whether given in vivo or added in vitro to liver supernate from normal rats. Flavaspidic acid-N-methylglucaminate, bunamiodyl, and iodipamide, drugs known to interfere with the hepatic uptake mechanism, compete with bilirubin and BSP for binding to Z. These proteins appear to be important in the transfer of organic anions from plasma into the liver and provide a tool for the investigation of hepatic uptake mechanisms.
INTRODUCTION
In comparison with other organs, the liver is preferentially able to transfer bilirubin, sulfobromophthalein (BSP) , and other organic anions from the plasma to the parenchymal cell. The basis for the hepatic selectivity, the mechanism of the transfer process and its anion specificity are not understood. Special properties of the plasma membrane or special binding properties of cytoplasmic proteins might be involved in the transfer process and in the determination of its specificity.
5 min after the intravenous injection of bilirubin into a rat, over 50% of injected bilirubin is in the liver and approximately two-thirds is recovered in the 100,000 g supernatant fraction of liver homogenates (1, 2). Unconjugated bilirubin is relatively insoluble in aqueous media at physiologic pH (3, 4) . Although bilirubin is bound to albumin in plasma (5) , only small amounts of albumin are present in liver cells (6) , and the rate of transfer of bilirubin into liver is greater than the corresponding rate of transfer of albumin (1) . These observations suggest that bilirubin in the cytoplasm of liver cells is primarily bound to protein(s) other than albumin (1, 2, 7, 8) .
This communication concerns the identification of two hepatic cytoplasmic protein fractions, designated as Y and Z, which account for the tissue, cellular, and subcellular localization of injected bilirubin and BSP. The organ and species specificities of these protein fractions have been defined and a variety of genetic and pharmacologic models have been investigated to elucidate the possible role of Y and Z in organic anion transfer from plasma into the liver cell.
METHODS
The majority of studies were performed using adult Sprague Dawley rats of either sex. The animals were anesthetized with ether and the liver was removed, immediately washed in ice-cold isotonic saline, weighed, and perfused through the hepatic veins until all traces of blood were washed out. A 25% homogenate was prepared in 0.25 M sucrose-0.01 M phosphate buffer, pH 7.4, using a Teflon-glass, motor driven homogenizer (Arthur H. Thomas Co., Philadelphia, Pa.).
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The journal of Clinical Investigation Volume 48 1969 The homogenate was centrifuged at 20C in a Beckman Spinco model L ultracentrifuge at 110,000 g (max) for 120 min. The supernatant fraction was separated from the pellet and surface lipid and used immediately or stored at -20'C. Kidney, muscle, and spleen were similarly treated. Rat kidney and muscle and monkey liver sometimes require initial disruption using a Virtis homogenizer. Rat brain, small intestine, colon, stomach, and skeletal muscle were homogenized without prior perfusion. Jejunal and ileal mucosa was obtained by scraping the intestine between glass slides into 0.25 M sucrose, pH 7.4. The submucosal, muscular, and serosal layer was separately homogenized.
Rat bile was collected in the dark on ice after cannulation of the common bile duct. Rat plasma was obtained from blood removed by venepuncture. 2 X 108 rat liver cells were prepared according to Howard , Christensen, Gibbs, and Pesch (9) , homogenized, and treated as described. Supernatant liver fraction was also prepared in the same manner from adults of the following species: Wistar and glucuronyl transferase-deficient (Gunn) rats (10) (12) or 280: 260 absorption ratio (13) . Bilirubin was also quantitated by the Malloy-Evelyn modification of the van den Bergh reaction (14) and when bilirubin-3H was used by quench-' corrected, internally standardized counting in a refrigerated liquid scintillation counting system (Nuclear-Chicago Corporation, Des Plaines, Ill.) as previously described (2) . Supernate bilirubin was measured by Hargreaves' method (15) .
The heat stability of the anion-binding proteins was investigated by incubating an aliquot of supernate derived from 1 g rat liver in a Dubnoff incubator bath at each of the following temperatures, 40, 50, 55, 60, 70, and 80°C, for 10 min. The precipitated protein was removed by centrifugation at 10,000 rpm for 10 min. The supernate was mixed with 3.0 ,umoles BSP and eluted as described. BSP bound by each fraction was quantitated as described subsequently.
The localization of rat albumin in eluates from Sephadex G75 columns was determined in three ways. (a) 5 ptc bilirubin-8H was added to the supernatant fraction from 5.5 g of Gunn rat liver and eluted as described. Each tube of eluate associated with yellow pigment was divided into aliquots. The protein in one aliquot was precipitated with an equal volume of cold 10% trichloracetic acid, collected on glass filters, washed, dried, added to scintillator, and counted (2) . A further aliquot was mixed with rabbit anti-rat albumin gamma globulin, centrifuged, and the supernate separated and prepared for counting as described. 0.35 mg of rabbit anti-rat albumin gamma globulin precipitated 1.0 mg purified rat albumin.
(b) Aliquots of the presumed albumin fraction contained a protein which after concentration by lyophilization migrated as albumin on electrophoresis on acrylamide gel (5%) in barbital buffer, ionic strength 0.075 p1I 8.6, in a vertical gel electrophoresis apparatus.' (c) 3-10 mg purified rat albumin (Pentex) was mixed with 6 ,moles BSP and aliquots of rat liver supernate (derived from 2 g liver) and eluted as described. The effect of the added albumin on the BSP binding fractions was measured spectrophotometrically.
Reproducibility of the amount of BSP bound by Y and Z after elution of supernate from Sephadex G75 was investigated by performing repeated studies on five columns. 3 umoles BSP/g was added to aliquots of supernate from 0.5 to 2 g of rat liver containing 40 mg protein/g. The mixture was eluted as described. The results were expressed as micromoles BSP per milligram protein in the peak tubes in the Y and Z fractions and the micromoles BSP in each fraction per gram liver calculated by triangulation from the area under each peak ([peak BSP concentration -base line BSP concentration] X volume per tube X No. of tubes X 0.5). This method proved reproducible for columns of equal size when constant amounts of protein were used. The buffer pH and tonicity, elution flow rate, and temperature were kept constant.
The proteins within the Y and Z fractions responsible for the organic anion binding have not been purified in sufficient quantity for binding studies by classical techniques. Binding studies were, therefore, performed using Sephadex G75 gel filtration, varying amounts of BSP, and equal aliquots of liver supernate prepared from three adult male Sprague Dawley rats. Each aliquot represented supernate from 1.34 g liver and contained 25 Studies of organic anion binding in vitro were performed using bilirubin, BSP, ICG, and Evans blue added to aliquots of rat liver supernate and eluted from Sephadex G75 columns. At least three studies or series of studies were performed with each anion varying the column size and amount of applied supernate. Representative studies using columns of comparable size are shown in Table II .
The distribution of ICG or Evans blue in the Y and Z fractions of liver supernate was investigated after intravenous injection and processing in the usual manner. The doses of the organic anions and the times of sacrifice are shown in Table III .
Two male Sprague Dawley rats weighing 200 and 210 g were injected respectively with bilirubin-3H 150,000 cpm with or without 6.2 ,amoles unlabeled bilirubin. The animals were killed 5 min after injection and the liver was processed. From appropriate tubes, 0.5 ml of the Sephadex G75 eluate was evaporated and counted as previously described.
The effect of flavaspidic acid-N-methylglucaniinate,2 bunamiodyl 3 (3-3-butyrlamino 2,4,6-triodophenyl-2-ethyl sodium acrylate), iodipamide' (bis-N-methylglucamine salt of N,N 1 adipyl-bis [3- For studies in vitro, aliquots of a standard supernate were prepared, BSP and the drug under investigation were added, and the mixture eluted in the manner previously described. The quantities used are shown in Fig. 10 and Table IV. The effect of 0-51 /Amoles taurocholic acid (dissolved in 0.01 M sodium phosphate buffer, pH 7.4) on the binding of BSP by the Y and Z protein fraction was investigated in vitro in a similar manner. The results were expressed as micromoles BSP bound by each fraction.
For the studies in vivo, flavaspidic acid-N-methyl-glucaminate, bunamiodyl, iodipamide, novobiocin, and probenecid were separately injected intravenously into Gunn rats at the dosages shown in Table V . The time of removal of the liver was chosen on the basis of published data showing when each drug caused a hepatic uptake defect (17) (18) (19) (20) (21) (22) . The results are expressed as micromoles bilirubin in each fraction and were compared with values found in control animals when supernate, also derived from 4 g liver, was eluted from the similar columns. In some studies, serum (14) and superniate (15) The heat stability of the anion-binding protein fractions is shown in Fig. 2 . Over 50% of BSP binding by Y was destroyed by preheating of the supernate to 50'C for 10 min, whereas there was little change in Z until the temperature exceeded 600C.
The elution pattern of liver supernate from a Gunn rat is shown in Fig. 3 . When absorption at 460 mu was used to indicate possible bile pigment, three peaks, designated as X, Y, and Z, were prominent. The MalloyEvelyn (14) estimation of bilirubin correlated with 460 mA OD in Y and Z fractions but not in the X fraction.
In the X fraction, the reaction was only weakly positive suggesting that the absorption at 460 my was mainly due to yellow pigments other than bilirubin.
Three methods were used to demonstrate that the binding by Y and Z fractions of bilirubin-3H and, by inference, the other organic anions studied, was not due to albumin. As shown in Fig. 4 , bilirubin-3H counts in the region labeled albumin, but not in the Y and Z fractions, were precipitated immunologically by addition of rabbit anti-rat albumin gamma globulin. The addition of purified rat albumin and BSP to a rat liver supernate in vitro accentuated BSP binding by the presumed albumin peak but did not alter that of the Y and Z fractions. In the former experiment as well as with gel filtration of normal rat liver supernate, the lyophilized presumed albumin fraction, but not Y and Z fractions, contained a protein which migrated as authentic rat albumin on acrylamide gel electrophoresis. 
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Sephadex G75, the dye was preferentially bound to the Y fraction until a concentration of 0.012 'moles BSP/ mg protein was attained after which the dye was progressively bound to the Z fraction (Fig. 8) . A similar pattern was observed as a function of time after intravenous injection of BSP (Fig. 8) . In these rats, the ti for plasma BSP was 3.7 min. At a dose of 6 Mmoles BSP/100 g, relatively low concentrations of BSP were found in the Z fraction. At higher dosage, a greater concentration was found on Z while the plateau for Y remained. In the first 3 min after injection, BSP on the Y and Z fractions accounted for 75% of BSP found in the original supernate. Therefore, both in vivo and in vitro, there was preferential binding of BSP to Y before binding to Z fraction occurred.
Organic anion binding by Y and Z fractions after addition of ICG, Evans blue, and BSP in vitro to aliquots of normal rat liver supernate is shown in Table  II (Table II) .
The distribution of ICG and Evans blue in Y and Z supernatant fractions of normal rat liver after intravenous injection of the organic anion is shown in Table  III 3 /zmoles BSP was added, and the mixture was eluted from Sephadex G75 (3.2 X 54 cm) at a flow rate 29 ml/hr. Each tube contained 4.3 ml. In the normal, supernate was derived from 5.3 g liver, 15 jmoles BSP was added, and the mixture was eluted from a column 3.2 X 96 cm at a flow rate of 33 ml/hr. Each tube contained 4.4 ml. "fed" free anion dissociating from the higher molecular weight protein as elution continues. This tends to maintain the amount of anion bound by the smaller protein when column length is increased. The effect is demonstrated in Table I . Thus, comparative quantitative studies are possible under defined conditions, but only qualitative comparisons are valid when the results from columns of different sizes or with different amounts of applied protein are compared. Z protein was relatively heat stable and withstood a temperature of 60'C for 10 min without being precipitated. Y protein was precipitated by temperatures over 50'C. This correlates with Hargreaves' finding that the uptake of unconjugated bilirubin by rat liver slices in vitro is greatly diminished at 50'C (23).
The Gunn rat was used as a model because it has endogenously produced, relatively constant unconjugated hyperbilirubinemia (10) . In this mutant, 60-70% of hepatic bilirubin is in the supernatant fraction (2, 24) . Gel filtration of the supernatant fraction separated the yellow pigments as determined by absorption at 460 mis into three peaks designated X, Y, and Z. The yellow pigment in the X region was not predominantly bilirubin, as it only gave a weak reaction in the Malloy-Evelyn estimation. The X fraction has not been further investigated.
Previous studies suggested that bilirubin in the supernatant fraction is associated with a protein immunologically (7) and electrophoretically (2) distinct from albumin. The albumin concentration in the supernate from isolated liver cells is only 0.055 mg/g liver, al- Nonspecific binding by many proteins was responsible for the pattern seen in nonhepatic tissues which lack Y and Z BSP binding fractions. The main binding peak in some tissues was due to albumin which had not been removed by perfusion (Fig. 5) .
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A. J. Levi, Z. Gatmaitan, and I. M. Arias The discrete Z BSP-binding fraction from small intestinal mucosa contrasted with the lack of localized anion-binding fractions in the other tissues studied. This correlates with the relative inability of the organs tested to take up bilirubin or BSP from the plasma. Brauer, Pessotti, and Krebs (28) have shown that the small intestine is one of the main extrahepatic sites of removal of BSP from plasma in dogs receiving continuous infusions of the dye. Z in the small intestine may be an important factor in the intestinal absorption of organic anions which undergo an enterohepatic circulation (29) (30) (31) .
In contrast, supernate from the liver of rats, mice, guinea pigs, sheep, monkeys, and man contained Y and Z BSP binding fractions. Quantitative comparison between the various species cannot be made as the studies were not performed under comparable conditions of sample and column size. However, despite these limitations, large differences, particularly in dye binding by Z fractions from different species, were observed. The Z fractions were very low in man and sheep when compared with rats, mice, and guinea pigs.
The binding studies with BSP and rat liver supernate on Sephadex G75 can only be interpreted within the limitations of the methodology. The protein fractions are impure and the anion-protein complex is continuously in equilibrium with unbound anion in the eluting buffer. Variables were controlled by using aliquots of one supernate, the same column, and buffer flow rates and by only changing the amount of BSP added. The results were consistent and suggest that the Y fraction has a greater affinity for BSP than does the Z fraction, but neither support nor exclude sequential transfer of BSP from Y to Z or vice versa.
In studies in vivo, free and/or conjugated BSP may have been partially removed from the liver by perfusion because the dye is relatively water soluble. A compromise had to be reached between the disadvantage of leaving plasma containing albumin and BSP in the liver to interact with the Y and Z proteins after homogenization, and the loss of BSP by thorough perfusion. The binding of conjugated BSP to the Y and Z fraction has not been studied.
A number of drugs including flavaspidic acid (18, 19) , bunamiodyl (17, 32) , iodipamide (33) , novobiocin (20, 21, 34) , probenecid (22, 35) , and X5079C (36, 37) cause BSP and/or bilirubin retention in man and/or rats. In particular, flavaspidic acid and bunamiodyl interfere with the uptake process (17) (18) (19) (38) who demonstrated that ICG, bilirubin, and flavaspidic acid compete with BSP for binding on liver cell membranes in vitro. Taurocholic acid did not displace BSP from Y and Z fractions in vitro except at very high doses (molar ratio approaching 10) (Fig. 11) .
Hepatic Cytoplasmic Proteins
This suggests that the Y and Z proteins are not nonspecific binders for any organic anion in liver cells.
Flavaspidic acid, bunamiodyl, and iodipamide displaced BSP and bilirubin from the Z fraction. This suggests that each of these anions is bound at the same site(s) on Z protein. The affinity of the Y fraction for BSP or bilirubin was higher than the affinity of the Z fraction for these anions (Figs. 8 and 9) .
It is not understood how flavaspidic acid or bunamiodyl impair hepatic uptake processes yet compete for binding to the Z fraction which appears to have a lower affinity than the Y fraction for the transported anions.
The mutant Southdown sheep rediscovered by Cornelius and Gronwall (11) has impaired hepatic uptake of BSP, bilirubin, rose bengal, and ICG. As shown in Fig.  7 , there is no obvious difference between the binding patterns of supernate from the livers of normal and mutant sheep. The defect in mutant sheep may be in the plasma membrane of liver cells rather than in hepatic cytoplasmic organic anion acceptor proteins.
The transfer of bilirubin and other organic anions from plasma into the hepatic cell may depend on dissociation of the anion from albumin in the plasma, nonionic diffusion of free anion across the cell membrane, and subsequent binding by cytoplasmic proteins. In this system, specificity for organic anion uptake could reside in the binding characteristics of cytoplasmic receptor proteins. The affinity of organic anions for albumin and cytoplasmic proteins could be of the same order, as the hepatic cell is in a separate compartment in equilibrium with plasma across the cell membrane through the small concentration of unbound anion. The inability of many organs to extract bilirubin or BSP rapidly from plasma correlates well with their lack of Y and Z protein fractions. Some anion specificity in the binding process is suggested by the observations that bilirubin or BSP were displaced from the Z fraction by some, but not all, of the drugs tested.
A second possibility is that the specificity for organic anion uptake is in the cell membrane and cytoplasmic acceptor proteins act as nonspecific anion binders in a manner comparable with albumin in plasma. Transport across the membrane would be by facilitated diffusion. Both of these models are consistent with the data of Goresky (39) who showed that on a single circulation there is rapid flux of BSP and bilirubin from the liver. The selectivity for different organic anions need not be the exclusive property of either the cell membrane or cytoplasmic proteins.
Y and Z proteins may have a general function relating to the uptake of many organic anions that are transferred from plasma into liver. The cytoplasmic protein fractions which bind metabolites of cortisol (40) and carcinogenic dyes (41, 42) have similiar characteristics and may be identical to the Y and Z fractions described here. Study of the binding characteristics of the Y and Z proteins is now possible with increased purification of the Y and Z fractions (in preparation).
These proteins provide a tool for study of the transfer of organic anions from blood to liver cell, as well as the mechanism of possible uptake defects in disorders characterized by unconjugated hyperbilirubinemia such as neonatal jaundice, hemolysis, and Gilbert's syndrome.
